In this study the effect of recombinant human follicle stimulating hormone (rFSH) on oestradiol production by human granulosa-lutein cells was examined in long-term culture, in the presence or absence of androgens. Cells were harvested at the time of follicular aspiration after ovarian hyperstimulation for in-vitro fertilization and cultured for 9 days. Granulosa cells were capable of secreting oestradiol spontaneously even without androgen and gonadotrophin support. Basal oestradiol secretion was relatively high and variable (421.3 Ϯ 159.3 pg/ml, mean Ϯ SEM, n ϭ 13) on the first day and decreased gradually to 16.7 Ϯ 3.1 pg/ml on day 9. Addition of androgens (testosterone or androstenedione) to the incubation medium enhanced dose-dependently basal oestrogen production on days 5, 7 and 9. The androgen/oestrogen conversion rate remained constantly high during the culture, even without rFSH. After pre-incubation for 3 days, addition of rFSH resulted in a dose-and time-dependent increase in granulosa-lutein cell oestrogen production in the absence of exogenous androgens. Testosterone supplementation caused considerably higher basal oestradiol concentrations, however rFSH failed to further stimulate the oestrogen release from granulosa-lutein cells, suggesting that these cells cultured in vitro possess high aromatase activity even without rFSH support.
Introduction
The relative contributions of follicle stimulating hormone (FSH) and luteinizing hormone (LH) to folliculogenesis have been a subject of interest for many years. However, interpretation of the results obtained from in-vivo and in-vitro studies was compromised by the impurity of the hormone preparations used. Recently, the development of recombinant human glyco-protein hormones, i.e. recombinant FSH (rFSH) (Keene et al., 1989) , which is completely devoid of LH activity, opened new perspectives in studying the fine tuning of ovarian function by gonadotrophins both in vivo and in vitro. Although the twocell two-gonadotrophin hypothesis is still widely accepted, suggesting that both FSH and LH are essential for normal follicular development and steroidogenesis (Richards, 1975) , there is increasing evidence that LH plays a minor role in follicle maturation in primates. Treatment with rFSH alone can induce follicular growth even at low oestradiol concentrations (Schoot et al., 1994) , and the presence of elevated LH concentrations during the pre-ovulatory period may impair gametogenic events due to overstimulation of androgen production by theca cells (Chappel and Howles, 1991) . Although small amounts of LH [likely to be between 0.3-1 IU/l (Mitchell et al., 1996) ], synergizing with locally produced insulin-like growth factor-I (IGF-I) and inhibin (Chappel and Howles, 1991) , are required for normal circulating oestrogen concentrations in hypogonadotrophic hypogonadal women (Schoot et al., 1992) , recent data suggest that, in the absence of LH bioactivity, granulosa cells are still able to use the circulating adrenal androgens for the intrafollicular oestradiol synthesis (BenChetrit et al., 1996) .
The effects of rFSH on human granulosa cells from patients with spontaneous (Mason et al., 1993; Bergh et al., 1997) and hyperstimulated (Lambert et al., 1995) cycles in short-term cultures have already been demonstrated. Recombinant FSH induced dose-related increases in oestrogen production by granulosa cells from normal pre-ovulatory follicles (Mason et al., 1993; Bergh et al., 1997) . However, cells from preovulatory follicles after the LH surge or from gonadotrophinstimulated cycles exhibited no stimulatory responses to rFSH (Mason et al., 1993; Lambert et al., 1995) . Studies with highly purified human FSH (NIDDK; hFSH) demonstrated that fresh granulosa-lutein cells secrete high amounts of basal progesterone (Schipper et al., 1993) and display high aromatase activity (Erickson et al., 1989) which could not be further stimulated by hFSH (Erickson et al., 1989; Schipper et al., 1993) . Moreover, in studies performed by Lambert et al. (1995) , human granulosa-lutein cells obtained from clomiphene citrateand gonadotrophin-treated cycles were investigated. Pellicer and Miró (1990) demonstrated that granulosa-lutein cells from women treated in vivo with gonadotrophin-releasing hormone analogues (GnRHa) and gonadotrophins responded to hFSH with increasing oestradiol production, whereas cells from clomiphene citrate-treated cycles did not. They measured higher oestradiol concentrations in cells treated with GnRHa than those in clomiphene citrate-treated cells, suggesting that granulosa cells were probably less luteinized at the time of follicle aspiration in women treated with GnRHa than those in clomiphene citrate-treated patients (Pellicer and Miró 1990) .
In our experiments, granulosa cells collected from patients stimulated by a combination of GnRHa (triptorelin; D-Try 6 -GnRH) and gonadotrophins for in-vitro fertilization (IVF) were used. Cells were cultured for 3 days in medium supplemented with 10% fetal calf serum, which allowed them to recover after hyperstimulation and follicular aspiration prior to rFSH treatment. The aim of this study was to investigate the influence of rFSH on the oestrogen production of human luteinized granulosa cells during long-term culture.
Materials and methods

Chemicals
Medium 199 Earle (M199), fetal calf serum (FCS), L-glutamine, gentamicine, Dulbecco's phosphate-buffered saline (PBS) and Trypan Blue stain were purchased from Seromed (Biochrom KG, Berlin, Germany). Medicol medium (Percoll 100%, isotonic) was from MediCult (Copenhagen, Denmark). Hyaluronidase, testosterone, androstenedione were obtained from Sigma (Deisenhofen, Germany). Recombinant follicle stimulating hormone was kindly provided by Serono (Munich, Germany).
Protocol for ovarian hyperstimulation and cell isolation
Luteinized granulosa cells were obtained from women undergoing oocyte retrieval for IVF. Reasons for infertility were tubal occlusion, reduced male factor, and unexplained infertility. Written consent was obtained and the experimental design was approved by the local ethics committee. Mean age of these patients was 34.7 years (range: 30 to 44 years).
Multiple follicular development was achieved with pure FSH (225 IU per day; Fertinorm HP ® ; Serono) until follicular maturity. Gonadotrophin therapy was preceded by complete desensitization of the pituitary gland with 0.1 mg per day of triptorelin (Decapeptyl ® ; Ferring, Kiel, Germany). Mean total FSH dose administered per patient was 2220 IU (range: 1500 to 3150 IU). An average of 9 follicles larger than 13 mm per patient were induced (range: 3 to 16 follicles). For ovulation induction, 10 000 IU human chorionic gonadotrophin (HCG) (Pregnesin ® ; Serono) were injected 36 h prior to ultrasound-guided transvaginal follicle aspiration. Before ovulation induction, mean oestradiol concentrations were determined in the range of 675 to 3000 ng/ml. Oocytes were immediately removed from follicular fluid and processed for fertilization. To obtain sufficient numbers of granulosa cells, follicular fluids from two or three patients were pooled and centrifuged for 3 min at 100 g. Resulting pellets were resuspended in PBS containing 1% FCS and washed three times. Final pellets were incubated with 20 IU/ml hyaluronidase for 12 min at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Cell clusters were separated by repeated gentle pipetting. Cell suspensions were layered on 50% Percoll and centrifuged for 10 min at 2000 g to separate granulosa cells from blood cells. Cells were aspirated from the interface, and subsequently washed twice with culture medium (M199 supplemented with 100 µg/ml gentamicine, 2 mM L-glutamine and 10% FCS). Finally, cells were resuspended in a small volume of culture medium and counted in a haemocytometer. Cell viability was determined by Trypan Blue exclusion and was found to be consistently higher than 80%.
Cell culture
Granulosa cells were plated in 24-well plastic dishes (Greiner GmbH, Frickenhausen, Germany) at a density of 10 5 viable cells/well and 1456 cultured at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . After a 24 h incubation, cells attached to plates forming a monolayer culture. Spent media were removed and cells were washed with PBS containing 1% FCS. After aspiration of the washing buffer, fresh medium was added to the wells and incubation was continued for 48 h without any treatment. After this pre-incubation period, media were replaced by fresh medium containing 1% FCS. Culture continued for an additional 6 days in the presence of different concentrations of rFSH and androgens, as indicated in the legends of the figures. Every 48 h, media were replaced and fresh media and hormones were added. Media were stored at -20°C until analysed. Steroids were dissolved in absolute ethanol as concentrated stock solutions and diluted in culture medium prior to addition to cell cultures. The final ethanol concentration in the cultures was less than 0.01%.
Steroid assay
In media, oestradiol was quantified by radioimmunoassay (BioChem Immuno Systems GmbH Freiburg, Germany). The specific antibody showed no cross-reactivity with the steroids applied. Average intraand interassay coefficients of variation were 5.1% and 7.5%, respectively. Sensitivity of the assay was 10 pg/ml.
Statistical analysis
The illustrated results were obtained from experiments performed in duplicate or triplicate. Single samples were taken from each well for oestradiol determination. The experiments were repeated at least three times to ensure reproducibility. All data are presented as mean Ϯ SEM of replicate determinations. Statistical significance of combined data was determined by Student's t-test for paired samples. All the statistical parameters were calculated by Statistical Package for Social Sciences (SPSS) 6.0 software. Values of P Ͻ 0.05 were considered to be significant.
Results
Basal in-vitro oestrogen production of cultured human granulosa-lutein cells gradually decreased during culture (Figure 1 ). Oestradiol secretion on the first day of culture displayed marked variability (421.3 Ϯ 159.3 pg/ml, n ϭ 13). A 50% reduction was observed during the next 2 days (211.3 Ϯ 47.7 pg/ml, P Ͻ 0.05) and continued to decline to less than 40% and 20% of the initial value after 5 and 7 days of culture, respectively. At day 9, it was close to the detection limit of the oestradiol assay (16.7 Ϯ 3.1 pg/ml).
The addition of testosterone and androstenedione in various concentrations (1, 10 or 100 ng/ml) to the incubation medium markedly enhanced the oestrogen production in a dose-dependent manner (Figure 2 ). There were no significant differences in oestradiol production between days 5, 7 or 9; cells maintained their capacity to aromatize androgens for at least 9 days. Testosterone and androstenedione were equally well converted to oestradiol. In all subsequent experiments 10 ng/ml testosterone was used when androgens were added to media.
Oestradiol secretion by granulosa cells cultured for 9 days with different doses of rFSH (1, 10 or 100 mIU/ml) in the presence or absence of exogenous testosterone is shown in Figures 3 and 4 , respectively. Inclusion of testosterone in the culture medium considerably augmented the granulosa-lutein cell oestradiol production, which remained constantly high during the culture. However, in the presence of testosterone, rFSH failed to further stimulate oestradiol production ( Figure Figure 1 . Baseline oestrogen production by human granulosa-luteal cells in culture. Granulosa cells were plated at a density of 100 000 viable cells/well and cultured up to 9 days without any treatment. Media were changed on the 1st, 3rd, 5th, 7th and 9th day of culture and stored for oestradiol analysis. Values are means Ϯ SEM of 13 experiments performed in duplicate. A * denotes significantly (P Ͻ 0.05) different from the initial value (day 1), and a ** denotes significantly (P Ͻ 0.01) different from the previous values.
3). Without added androgens, rFSH increased oestradiol levels in a dose-dependent manner (Figure 4 ). Between days 3-5 and 5-7 of culture, rFSH at concentrations of 10 and 100 mIU/ml significantly stimulated oestradiol accumulation but, on day 9, only the higher dose was effective. It should be noted that, in spite of the stimulatory effect of rFSH in an androgen-free environment, basal and stimulated oestrogen concentrations decreased during the culture period probably due to decreasing availability of aromatizable androgen substrates.
The time courses of rFSH action on granulosa cells in the presence or absence of testosterone are illustrated as percentage increases in oestradiol production in Figures 5 and 6 , respectively. As demonstrated in Figure 5 , addition of testosterone to culture media during rFSH stimulation did not alter the granulosa-lutein cell oestradiol production. In the absence of androgens, the stimulatory effect of rFSH on the granulosa cells increased, with the duration of the culture being maximal on day 9 (on average fivefold; Figure 6 ). The lowest baseline oestradiol concentration corresponds to the highest sensitivity to rFSH.
Discussion
To date, urinary-derived human FSH is widely used for the stimulation of follicular growth for assisted reproductive techniques such as IVF and embryo transfer. Gonadotrophins produced by recombinant technology provide high specific activity without contamination by other gonadotrophins (Loumaye et al., 1996) .
In this study, the in-vitro biopotency of rFSH has been assessed in long-term culture, on the basis of its ability to stimulate oestradiol secretion of luteinized human granulosa cells harvested at the time of follicular aspiration after ovarian hyperstimulation for IVF. A hyaluronidase digestion of the extracellular matrix followed by enrichment of granulosa- Figure 2 . Time-and dose-dependent oestrogen production by granulosa-lutein cells in the presence of testosterone (A) and androstenedione (B). Cells (100 000 viable cells/well) were preincubated for 3 days in medium containing 10% fetal calf serum (FCS), and then cultured in medium supplemented with 1% FCS with 1, 10 or 100 ng/ml androgens for 6 days. Media were changed every 2 days and saved for oestrogen analysis. Data are means Ϯ SEM of three independent experiments performed in duplicate. A ** denotes P Ͻ 0.01 versus control (0 ng/ml androgen).
lutein cells by Percoll sedimentation was applied to separate granulosa-lutein cells from blood cells. A combination of these separation techniques resulted in a low rate of leukocyte contamination and in reduced cell loss during the culture. No adverse effect of Percoll on granulosa cell function was noted. A similar method using sedimentation and trypsin treatment has already been established (Figenschau et al., 1997) .
After the first day of incubation, granulosa cells produced high basal concentrations of oestradiol with wide variations, which is in agreement with the findings of Wood et al. (1994) . Basal oestradiol concentrations were less than 50% of initial values after a 3 day pre-incubation and decreased to less than 5% during the next 6 days (Figure 1) . Thus, granulosa cells were capable of secreting oestradiol spontaneously during the whole culture period without androgen and gonadotrophin support. However, these findings are in contrast to the work of Erickson et al. (1989) , who showed that, although granulosalutein cells possess very high aromatase activity in the first Figure 3 . Oestradiol accumulation by human granulosa-luteal cells in response to recombinant follicle stimulating hormone (rFSH) stimulation in the presence of testosterone. Cells (100 000 viable cells/well) were pre-incubated for 3 days in culture medium supplemented with 10% fetal calf serum (FCS), and then exposed to 1, 10 or 100 mIU/ml rFSH in medium containing 1% FCS and 10 ng/ml testosterone for 6 days. Media were changed every 2 days and assayed for oestradiol. Data are means Ϯ SEM (n ϭ 5). C, control without treatment and T, 10 ng/ml testosterone only.
Figure 4.
Oestradiol production by luteinized human granulosa cells cultured in exogenous androgen-free environment in the presence of different doses of recombinant follicle stimulating hormone (rFSH) (1, 10 or 100 mIU/ml). Cells (100 000 viable cells/well) were pre-incubated for 3 days in culture medium supplemented with 10% fetal calf serum (FCS) and then incubated with rFSH in medium containing 1% FCS for 6 days. Media were changed every 2 days and assayed for oestradiol. Data are means Ϯ SEM (n ϭ 5). A * denotes P Ͻ 0.05 and a ** denotes P Ͻ 0.01 vs. control (0 mIU/ml rFSH).
days of culture, in the absence of exogenous androgens oestradiol production is negligible.
We could demonstrate that, although basal oestrogen production gradually decreased during the culture period, high aromatase activity was present in the granulosa cells as shown by a dose-dependent increase in oestrogen production in the presence of aromatizable androgens (Figure 2 ). Cells maintained their oestrogen-producing capacity for at least 9 days in the absence of added gonadotrophins. These results confirm previous findings published by Bernhisel et al. (1987) , but are in contrast to the work of Wood et al. (1994) who reported that basal oestrogen production markedly decreased in culture even in the presence of androstenedione.
Cells were pre-incubated for 3 days in culture medium containing 10% FCS prior to rFSH treatment. Stimulation of granulosa cells by rFSH was performed in the presence of 1% FCS, providing serum factors for optimal cell function. In the absence of exogenous androgens, rFSH was able to stimulate oestrogen production of human granulosa cells in a clear dosedependent manner (Figure 4) . Furthermore, the reduction in baseline oestrogen concentrations during the culture made the cells more sensitive to rFSH (Figure 6 ). The in-vitro evaluation of rFSH bioactivity performed by Lambert et al. (1995) on granulosa-lutein cells obtained from clomiphene citrate-and gonadotrophin-treated cycles in an exogenous androgen-free environment led to the conclusion that rFSH was ineffective after 2 days of culture, but inhibited steroidogenesis in some cases after 4 days. However, Pellicer and Miró (1990) demonstrated that oestradiol production in response to hFSH in the absence of androgens was increased only in GnRHa-treated cells, whereas no response was observed in the clomiphene citrate-treated cells. They suggested that the portion of unluteinized granulosa cells is greater in women treated with GnRHa than in clomiphene citrate-treated patients. Our results are in agreement with those published by Pellicer and Miró (1990) . A similar phenomenon was found in relation to IGF-I-mediated granulosa cell oestrogen production, indicating that the stimulatory effect of IGF-I on granulosa cell oestradiol production was more considerable in the absence of androstenedione than in its presence (Wood et al., 1994) .
In the presence of testosterone, cells produced considerably higher baseline oestradiol which remained constant till day 9. However, under these conditions, oestrogen accumulation was not significantly augmented by the presence of rFSH ( Figures  3 and 5) , suggesting that human granulosa-lutein cells in culture for 9 days were still able to convert androgens to oestrogens without addition of rFSH. This finding is partly in contrast with those reported by Erickson et al. (1989) , who concluded that hFSH is not able to stimulate oestrogen output during the first 2 days in androgen-substituted granulosa cell culture; later on, cells increase their oestradiol production in response to FSH. Agreement exists with the findings published by Wood et al. (1994) , who showed that incubation of granulosa cells with hFSH caused just a minor increase in oestradiol production in the presence of androgens. With regard to the work performed with rFSH, the authors concluded that rFSH induced dose-dependent increases in both oestradiol and progesterone production of granulosa cells from normal preovulatory follicles (Mason et al., 1993; Bergh et al., 1997) but, surprisingly, inhibited the accumulation of both hormones of granulosa cells from a dominant follicle after the onset of the LH surge (Mason et al., 1993) . The existing differences may be related to development-dependent changes in granulosa cell responsiveness to FSH. Androgens are thought to directly augment FSH-induced steroidogenesis in growing follicles and this ability is lost during pre-ovulatory development in primates (Harlow et al., 1988) . Recently, an intensive androgen receptor immunostaining was found in primate granulosa cells of pre-antral-early antral follicles, which declined during preovulatory development (Hillier et al., 1997) . Since follicular aspirates from stimulated cycles contain granulosa cells at different stages of differentiation (Whitman et al., 1989) , the ratio of these cell types in granulosa cell cultures may determine their responsiveness to FSH.
In conclusion, we have demonstrated that, under our culture conditions, human granulosa-lutein cells were capable of secreting oestradiol spontaneously even without androgen and gonadotrophin support. The cells displayed high aromatase activity and maintained their capacity to convert androgens to oestrogens for at least 9 days. We demonstrated for the first time that granulosa-lutein cells, after pre-incubation for 3 days, responded well to rFSH stimulation with regard to oestradiol production in long-term culture, but only in the absence of exogenous androgens. Furthermore, the sensitivity of granulosa-lutein cells to rFSH was higher at low basal oestrogen concentrations. The presence of androgens in culture medium considerably enhanced oestradiol concentrations in both control and rFSH-treated cultures, but rFSH failed to further stimulate oestrogen accumulation. On the basis of our findings, it could be postulated that baseline oestrogen release of granulosalutein cells and androgens may contribute to responsiveness of these cells to rFSH induction.
